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Transcriptional/translational
feedback loops between clock
genes such as per and tim — first
cloned in Drosophila — and their
protein products [1,2] are thought
to constitute the core of the
circadian clock [3–5]. A
representative of the early
metazoan body plan, the nematode
(roundworm) Caenorhabditis
elegans has had its complete cell
lineage traced and it is known that
it has many molecular components
in common with those of the
vertebrates [6,7]. Recent studies
have shown that C. elegans carries
a per homologue, lin-42, and that
its mRNA levels oscillate
synchronously with approximately
6 hr molting cycles at the
postembryonic developmental
stage [8–10]. However a basic
question arises as to whether or
not C. elegans shows a circadian
rhythm, because no one to date
has been able to show a circadian
rhythm in any phenotype of
C. elegans. We show here that
adult C. elegans has an overt
temperature-compensated
circadian rhythm in locomotor
behaviour, following entrainment to
light and dark cycles.
We used C. elegans (Bristol
strain N2) sustained in liquid
medium comprising components
as previously described [11] with
one exception: the concentration
of penicillin–streptomycin mix was
0.2 mM. We isolated individual
worms at the L3 or L4 larval stage
and transferred them to a chamber
(20 mm diameter, 3 mm thickness)
to measure footprints for 30 min at
1 hr intervals using an automatic
tracking device (bug-tracker, [12]).
Figure 1 shows a series of
footprints of an isolated C. elegans
in a light and dark cycle comprising
12 hr light and 12 hr darkness (LD,
12:12, L 1,000 lux) and subsequent
continuous darkness (DD) at 20°C.
It clearly shows that the nematode
moved more actively during the
day than at night in LD, and that
the characteristic behavioural
pattern was sustained in DD.
We examined fluctuations in
mean moving speeds calculated
from the length of footprints in LD
and DD (Figure 2). As C. elegans is
growing to adulthood, the moving
speeds became clearly entrained
to LD, with a peak at midday and a
trough at night, and they were re-
entrained to 180° inverted LD
following several transients. When
the worms were exposed to DD
after reaching adulthood, a clear
rhythm was sustained, with a peak
around subjective day and a trough
around subjective night. Free-
running periods were 23.5 hr at
15°C, 23.3 hr at 20°C and 24.4 hr at
25°C when analyzed by maximum
entropy spectral analysis (MESA,
see Supplementary material for
details) [13]. The nematode rhythm
therefore satisfies the fundamental
requirements to show a circadian
rhythm [14]: free-running with a
periodicity close to 24 hr under
constant conditions; entrainment
by an appropriate zeitgeber (light);
and temperature compensation
within its physiologically significant
range. We therefore conclude that
C. elegans has an endogenous
circadian clock, which regulates its
locomotor behaviour.
C. elegans is the simplest
multicellular animal now known to
carry a per gene and a functioning
circadian clock. Whether or not
mRNA levels of lin-42 of the adult
nematode oscillate in a circadian
fashion is a key question in the
functioning of PER in the circadian
clock. If they do not, the per gene
is not the common basic
component indispensable to the
circadian clock in the animal
kingdom, and we should then look
for another circadian mechanism
governing the intracellular
dynamics of clock genes such as
per and tim and their protein
products. However, if lin-42
mRNA levels do indeed oscillate 
in a circadian fashion, the Per
moiety appears to participate in
the timing of two events, at
different intervals, in the
postembryonic and adult stages.
The next step is to explore exactly
how PER, involved in event
cycling at approximately 6 hr
intervals at the postembryonic
stage, retards its interval so as 
to time the behaviour at circadian
intervals at the adult stage. This
will provide us with an answer 
to the fundamental question: 
how does the circadian clock
maintain its approximately 
24 hr periodicity?
Figure 1. Circadian fluctuations of foot-
prints of an isolated C. elegans recorded
for 30 min at 2 hr intervals in LD and sub-
sequent DD at 20°C.
An isolated nematode moving in the
chamber was constantly illuminated by
infrared light (wavelength 800–1400 nm)
and viewed with a dark field-sensitive
video camera. Selected video frames
were digitized by a video memory card
into 256 × 256 pixels sequentially at
intervals of about 3 sec. The pixels of
the ith frame were subtracted from
those of the i–1th frame to uniquely
image the moving nematode, and the
address of the pixel with the largest
value was used as the X–Y coordinate
of the nematode. The X–Y coordinates
thus obtained at intervals of about 3 sec
were plotted in turn. Open circles (❍)
with numbers at upper left corners
denote the light time of LD and closed
circles () dark time in LD and DD.
Numbers indicate the time in hours
during the sequence of measurements.
Current Biology
0 2 4 6 8 10
12 14 16 18 20 22
24 26 28 30 32 34
36 38 40 42 44 46
Magazine R47
Acknowledgements
We are very grateful to M. Souma for his
technical assistance, and Ian G. Gleadall
for comments on the manuscript. This
work was partly supported by the
Project Fund of Graduate School of
Medicine, Kitasato University.
References
1. Jackson, F.R., Bargiello,.T.A., Yun,
S.H., and Young, M.W. (1986).
Product of per locus of Drosophila
shares homology with
proteoglycans. Nature 320, 185–188.
2. Citri, Y., Colot, H.V., Jacquier, A.C.,
Yu, Q., Hall, J.C., Baltimore, D., and
Rosbash, M. (1987). A family of
unusually spliced biologically
active transcripts encoded by a
Drosophila clock gene. Nature 326,
42–47.
3. Shearman, L.P., Sriram, S., Weaver,
D.R., Maywood, E.S., Chves, I.,
Zheng, B., Kume, K., Lee, C.C., van
der Horst, G.T.J., Hastings, M.H.,
and Reppert, S.M. (2000).
Interacting molecular loops in the
mammalian circadian clock.
Science 288, 1013–1018.
4. Reppert, S.M. (1998). A clock
explosion! Neuron 21, 1–4.
5. Dunlap, J.C. (1999). Molecular
bases for circadian clocks. Cell 96,
271–290.
6. Waterston, R.H., Sulston, J.E.,
Coulson, A.R. (1997). The genome.
In C. elegans II. Edited by Riddle,
D.L., Blumenthal, T., Meyer, B.J.,
and Priess, J.R. New York: Cold
Spring Harbor Laboratory Press,
23–45.
7. The C. elegans Sequencing
Consortium. (1998). Genome
sequence of the nematode
C. elegans: a platform for
investigating biology. Science 282,
2012–2018.
8. Ambros, V. Heterochronic genes.
(1997). In C. elegans II. Edited by
Riddle, D.L., Blumenthal, T., Meyer,
B.J., and Priess, J.R. New York:
Cold Spring Harbor Laboratory
Press, 501–518.
9. Jeon, M., Gardner, H.F., Miller, E.A.,
Deshler, J., Rougvie, A.E. (1999).
Similarity of the C. elegans
developmental timing protein LIN-
42 to circadian rhythm proteins.
Science 286, 1141–1146.
10. Ambros V. (2000). Control of
developmental timing in
Caenorhabditis elegans. Curr. Opin.
Genet. Dev. 10, 428–433.
11. Bloom L. (1993). Development of
techniques for primary culture of
C. elegans embryonic neurons.
Ph. D. thesis, Massachusetts
Institute of Technology.
12. Hasegawa, K., Tanakadate, A., and
Ishikawa, H. (1988). A method for
tracking the locomotion of an
isolated microorganisms in real
time. Physiol. Behav. 42, 397–400.
13. Dose, H.B., Hall, J.C., and Ringo,
J.M. (1978). Circadian and ultradian
rhythms in period mutant of
Drosophila melanogaster. Behav.
Genet. 17, 19–35.
14. Pittendrigh, C.S. (1960). Circadian
rhythms and the circadian
organization of living systems. Cold
Spring Harbor Sym. Quant. Biol. 25,
159–182.
Addresses
1Division of Brain Sciences, Graduate
School of Medicine, 6Department of
Physiology, School of Medicine, and
4Department of Clinical Engineering,
School of Allied Health Sciences,
Kitasato University, Sagamihara,
Kanagawa 228-8555, Japan. 2Graduate
School of Information Sciences, Tohoku
University, Aoba-ku, Sendai, Miyagi
980-8579, Japan. 3Department of
Molecular Life Science, School of
Medicine, Toukai University, Isehara,
Kanagawa 259-1193, Japan. 5University
of Human Arts and Sciences, Iwatuski,
Saitama 339-8539, Japan.
E-mail: khase@kitasato-u.ac.jp
Caenorhabditis
elegans has a
circadian clock
Fred Kippert, David
S. Saunders, Mark L.
Blaxter
Circadian clocks, biological timing
mechanisms that serve to
synchronize organismal behavior
and physiology with the day/night
cycle, have been found in most
eukaryotic organisms where 
they have been sought. Loci
which when mutated disrupt 
clock function have been
identified and the molecular
dissection of circadian clocks 
has provided valuable insights
into the underlying mechanisms of
this universal biological
phenomenon [1]. Much of this
work has been carried out on a
small number of model organisms
such as Neurospora [2],
Arabidopsis [3], Drosophila [4,5]
and mouse [5]. However, as we
recognize that clock mechanisms
are more complex than previously
thought, many new questions
have arisen [6]. For example, the
same molecules are used in very
different ways in the fly and
mammalian circadian clocks 
[4,5]. Here a second invertebrate
model would be very valuable, i
n particular one with a capacity
for genome-wide functional
analysis. The ‘other’ invertebrate
model is Caenorhabditis elegans
[7,8], in which no circadian
behavior has yet been 
described.
Why has no circadian clock
been described in C. elegans? 
In standard laboratory, mixed
stage cultures C. elegans has 
a short generation time, less than
Figure 2. Fluctuation of moving speeds
in C. elegans.
Circles show moving speeds calculated
from the length of footprints. Each
consecutive data triplet was smoothed
with a three point sliding mean to obtain
the mean velocity (mm sec−1) at the
central time of each data triplet. Solid
lines depict the fluctuations of mean
velocity thus obtained: in (A) LD, and
reversed LD, beginning with (B) L and
(C) D, at 20°C; (D) in DD at 15°C; (E)
20°C; and (F) 25°C. Black bars on
abscissa mark dark time.
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Supplementary material for this article is
available at http://current-biology.com/
supmat/supmatin.htm.
